This work aims to study the thermal, mechanical and microstructural properties of an Al-0.60 wt% Mg-0.25 wt% Fe--0.05 wt% Cu alloy for application as an electrical conductor. The ingots were obtained by unidirectional horizontal casting, and were sectioned in specific positions to the production of test specimens destined to mechanical tests and microstructural characterization. As results, one can observe that it was possible to obtain experimental models of correlation between the average dimple diameters and thermal variables, demonstrating a trend on the formation of smaller fracture dimples where the cooling was more intense. As one can associate smaller dimples with greater ultimate tensile strength, it is important to understand this mechanism.
INTRODUCTION *
In electrical applications, the commercially pure aluminum possesses the highest electrical conductivity among aluminum conductors. Its application is only restricted due to its low strength [1] . A typical solution for this problem is the use of aluminum conductors steel reinforced (ACSR), which has a high strength core material surrounded by wires of high conductivity material. By varying the number of steel wires for a conductor of a certain cross section, one can obtain elevated tensile strength or elevated electrical conductivity, but not both at the same time [2] . This lead to the application of the lightweight precipitation hardenable AlMg-Si alloys (6000 series), that have better mechanical resistance than aluminum wires (approximately 300 MPa), but an electrical conductivity lower than conventional wires. The aluminum alloys based on this system gained significant interest during the last decades and are still object of study for many authors [1 -5] . Also, there has been developed studies with heat-resistant materials for electrical conductors, which use elements of the group 4 (Zr, Ti, Hf) [6] or with rare earths (Sc) [7] , some researchers are also developing aluminum conductors with composite cores [8] .
As the cable industry uses conventional solidification to manufacture its products, it is important to study the influence of the thermal variables in transient solidification over the properties of the materials used. Hence, this paper studied an Al-0.60 wt% Mg-0.25 wt% Fe-0.05 wt% Cu alloy, which is an experimental system derived from the 6101B alloy [9], excluding Si, Mn and Zn content. The objective of this study is, therefore: Study the influence of heat transfer (for the studied alloy, under horizontal unidirectional solidification) over the tensile strength and the average dimple diameter for the fractured specimens.
EXPERIMENTAL
The alloy was prepared in a kaolin coated SiC crucible and cast on a muffle furnace at the temperature of 850 ºC, followed by stirring, degassing with Ar and pouring with a superheating of 10 % in a unidirectional horizontal solidification apparatus (Fig. 1) . The thermocouples were connected to an AHLBORN ALMEMO data logger, with measurements being recorded at each second. The chemical composition of the alloy was analysed on an SPECTROLAB SPECTRO optical mass spectrometer. The produced ingots have the dimensions of (59×59×109) mm ±1 mm (average)), showing small contraction at the upper part, were sectioned using a scissor type band saw on the relative positions of the metal/mould interface of 7.5, 22.5, 37.5 and 52.5 mm, producing (13×13×110) mm samples. These samples were machined to the diameter of 9.5 mm and cold-rolled to the diameter of 3.0 mm (68 % of cold-working), these samples were tested by tensile strength using a KRATOS IKLC1 machine. The microstructural analysis occurred from the evaluation of the fractures obtained by the tensile strength tests. These samples were immersed into a (CH 3 ) 2 CO + CH 3 CH 2 OH solution, and cleaned on a METASOM 15 ultrasound device for 10 minutes. Next, the samples were analysed on a LEO 1430 scanning electron microscope with 20 kV and 90 µA of electron beam, with Electrons Backscattered (EBS). One studied each of the four relative positions of the metal/mould interface (7.5, 22.5, 37.5 and 52.5 mm) and for each position it were studied two different fractured samples, obtaining four fractographs. Also, the fractographs had its dimples diameters measured at the software ImageJ. The obtained results were analysed at the R statistical software, using boxwhisker plots for eliminating outliers and performing Welch two sample t-tests, following the parameters described by Peternelli and Mello [10] and the description of Spiegel for the t statistic [11] .
RESULTS

Thermal analysis
After obtaining the alloy liquidus temperature (T L ) experimentally, it was possible to determine the moment it was detected by the thermocouples at each specific position. This allowed to establish distance x time relationships, which, using a regression model, lead to a D = k 1 t k 2 equation, being k 1 and k 2 constants, t is the time and D is the distance from the metal/mould interface. This relationship is shown in Fig. 2 . ), T f is the fusion temperature (in ºC), T 0 is the environment temperature (in ºC). Fig. 3 shows the evolution of the growth rate throught the ingot length (distance from the metal/mould interface). As the solidification begins, one can observe growth values near to 0.93 mm/s. These values decrease continuously until the end of solidification, this behavior is expected due to the growth of the solidified layer, that acts as a barrier for heat transfer. Following the thermal characterization it was obtained experimentally the cooling rate (Cr), using a method similar to the one described by Okamoto and Kishitake [12] . The relation is presented in Eq. 2, where Cr is given in K/s, T 2 is the temperature over the liquidus temperature and T 1 is the temperature below it. t 2 and t 1 are, respectively, the times before and after the passage of T L . Garcia [13] presents an analytic form of the cooling rate for a pure metal, which is given in Eq. 3, where it is shown its dependency on the growth rate. On the same equation, k s is the thermal conductivity (in W/m.K). Fig. 4 presents the cooling rate. The decreasing of the heat extraction is explained by its dependency of the growth rate and the elimination of the latent heat of fusion.
( ) (3) Fig. 3 . Evolution of growth rate along the casting chamber length Fig. 4 . Evolution of cooling rate along measurement points in the casting chamber Fig . 5 is the macrostructure of an as cast longitudinal section of the solidified ingot. One applied a Poulton etchant (2 mL HF, 3 mL HCl, 20 mL HNO 3 , 175 mL H 2 O) to reveal its grained structure. The macrostructure shows that the grains near to the metal/mould interface are chilled, indicating the occurrence of intensive heat extraction. Ranging from 10 mm to 50 mm of the metal/mould interface one can observe a columnar-grained area, indicating the direction of the heat flow. The solidification process ended with the formation of equiaxed grains, as can be seen at the latest positions of the ingot.
Tensile strength tests
For the tensile tests, each average shown in Fig. 6 was calculated by the execution of three tests. The average standard deviations (SD) for each position are low, with values of 3.2 MPa. The best regression model possible is linear, showing a trend of decreasing resistance through the ingot length. This resembles the well-known Hall-Pech effect, that explains the increase of resistance of the metals as a function of the reduction of its grain size [14] . Other studies on the literature point to the reduction of grain size due to greater values of thermal variables as growth rate and cooling rate near to the heat extraction sources, the distance from the mold on a unidirectional solidification process can form chilled, columnar and equiaxed zones [13] . Also, the tensile tests show that, the alloy presents higher resistance than traditional aluminium wires for electrical purposes. The average value of mechanical resistance required for 3.0 mm wires is 175 MPa [15] .
Microstructural characterization
Measuring the fracture dimples of the tensile strength tested samples carried out the microstructural characterization. Fig. 7 shows four fractographies obtained from different positions of the ingot (7.5, 22.5, 37.5 and 52.5, respectively) these images were processed and the dimple diameters were calculated using the method described by Sharma et al. [16] as presented in Eq. 4, where d 1 is the dimple length and d 2 is the width. Table 1 provides the main statistical parameters of the measurements.
As one realized various measurements with different samples, it were realized histograms (Fig. 8) that indicated that the samples came from the same population, as the histograms presented good resemblance with a Gaussian distribution.
Also, it was mathematically determined whether means of sample 1 and 2 are different of not. One performed Welch two sample t-tests, as shown in Table 2 . As the t w statistics are found inside the confidence intervals established at 95 %, and the p values are greater than the significance (α = 0.05), the test denies the alternative hypothesis that there are significant differences between the averages for the two samples on each position. This can be an indicative that the measurements are reliable. As discussed by Broek [17] inclusions like intermetallic compounds play an important role in the mechanisms that lead to the formation of dimples on ductile fracture. They are associated with the decohesion of a particle-matrix interface, during the application of a tensile stress, when the voids are extended in the same direction. This mechanism starts with void coalescence, which is a process consisting in transition from the occurrence of diffuse plastic deformation leading the stable growth of microscopic scale internal voids to a restricted mode of plastic deformation within the ligament separating two or a row of voids [18] . In the present case, it was previously reported the presence of Fe rich particles in this alloy [19] , and as the formation of Al x Fe x aluminides has been reported to occur during solidification, predominantly the Al 6 Fe at growth rates over 0.6 mm/s, as reported by Goulart et al. [20] and Allen et al. [21] , this is probably the main feature associated with this mechanism. Fig. 10 . Correlation between the average dimple diameter and cooling rate
It seems that the solute content necessary to increase void nucleation is being transported to the later positions of the ingot during solidification. This kind of segregation is expected on unidirectional solidification of binary alloys as reported in previous works in the literature [13] .
CONCLUSIONS
In this research the correlation of thermal variables with the average diameter of dimples from the fractured specimens was investigated. The results showed that:
• There is good statistical correlation between the evolution of thermal variables (both growth rate (Gr) and cooling rate (Cr)) with dimple diameters measurements; • At greater Gr and Cr, one can observe higher values for ultimate tensile strength and smaller values for dimple diameter; • The use of the material as an electrical conductor is suitable, because its mechanical resistance is higher than 175 MPa, which is the average value for 3.00 mm aluminium wires applied at overhead transmission lines.
